Organic materials, including carbon, exist inside the transmission electron microscope (TEM) chamber and are adsorbed onto samples under observation during TEM. When these adsorbed organic materials are irradiated by an electron beam, the adsorbed gas is decomposed. Carbon atoms remain on the sample and bond with each other forming a material with an amorphous structure. Due to the carbon deposition on the observation area of the sample, it is contaminated and the TEM image quality is decreased. Ar was introduced into environmental TEM (ETEM) to purge organic material from the sample chamber to reduce contamination growth. After Ar gas was introduced, the contamination was gradually removed. The contamination removal rate was dependent on the Ar pressure. Moreover, it was clear that Ar was ionised by electron beam irradiation and the Ar ions were produced in the ETEM during electron beam irradiation. It is proposed that the Ar ions removed the carbon contamination.
Introduction
In electronic and structural materials, the atomic array of the materials and position of the added substances inside these materials must be controlled to achieve a higher performance. Various imaging and analytical methods, including X-ray spectroscopy, transmission electron microscopy (TEM), and scanning TEM (STEM) using energy-dispersive X-ray spectroscopy and electron energy-loss spectroscopies can reveal the atomic structure, additional substances inside the materials, material composition, and chemical bonding state (Morales, 2005; Edalati, 2012; Suzuki, 2012; Rhode, 2013) . TEM and STEM can be used to directly display them as visual information. However, the quality of information obtained by TEM and STEM observations is frequently reduced by contamination deposited on the sample during observation. A typical mechanism of contamination deposition during TEM and STEM observation is outlined below. Organic matter containing mainly carbon, which exists inside TEM and STEM sample chambers and is adsorbed on the sample, and/or originally adsorbed organic matter on the sample surface, diffuse onto the sample surface. When organic matter adsorbed on the sample was irradiated by an electron beam (EB) with a higher energy than the bonding energy between atoms constituting the organic matter, the organic matter decomposed. Then, carbon atoms appearing from the decomposition of organic matter remain in the EB irradiation area. The carbon atoms bond with each other, resulting in the formation of contamination (Ennos, 1953 (Ennos, , 1954 Utke, 2008) . Thus, contamination grows continuously in the observation area when observations of the sample, with adsorbed organic matter and organic matter in the atmosphere inside TEM and STEM, are conducted. As this contamination degrades the image quality of the TEM and STEM observations, the removal of contamination and reduction of the growth of contamination has been addressed in the literature. Ennos reveals that the contamination growth rate depends on the temperature of the sample and the structure, which is set around sample and usually called a 'cold trap'. It is clear that a higher sample temperature and lower cold trap temperature lead to a lower growth rate of contamination (Ennos, 1953 (Ennos, , 1954 . A high sample temperature removes the adsorbed organic matter from the surface of the sample, and a low cold trap temperature adsorbs organic matter on the cold trap and reduces the growth rate of contamination inside the TEM and STEM chambers. Moreover, the development of environmental TEM (ETEM) has enabled recent progress; the organic matter inside the ETEM chamber can be purged from the sample chamber to reduce the growth rate of contamination by introducing various gases into the sample chamber (Heide, 1962) . Similarly, the removal of contamination and reduction of the contamination growth rate has been demonstrated (Egerton, 2004) . However, the effect of EB irradiation on the introduced gas and the effect of introducing gas on the sample during EB irradiation has not yet been determined. In this study, a contaminated sample was observed to reveal these effects by ETEM under a noble gas Ar atmosphere.
Methods
A Si lamella sample, on which the contamination was deposited, was prepared by the method discussed below. A Si disk of φ3 mm was cut from a 500 μm thick Si wafer. The thickness of the Si disk was reduced to 100 μm by a polishing system, and then a dimple was formed at the centre of disk by a dimple grinder (model 656, Gatan, CA, USA). Then, a Si lamella was fabricated around the centre of the disk by an ion milling system (model 691, Gatan, CA, USA). This Si lamella was set on the double-tilt TEM holder, and introduced into the TEM (JEM-1000K RS, JEOL, Akishima, Japan). This TEM can perform elemental analysis using the attached electron energy-loss spectrometer (EELS). It has a retractable type of environmental chamber that can control the introduction of gas and pressure around the sample. During contamination deposition, the retractable-type environmental chamber was inserted and the atmosphere around the Si lamella was evacuated. Contamination was deposited on the Si lamella by TEM observation for 30 min. The chamber pressure of the TEM during contamination deposition was 3.0 × 10 −3 Pa and this pressure was the base pressure of the environmental chamber. An acceleration voltage of 1000 kV and current density of 100 pA cm -2 were employed as the TEM observation condition for contamination deposition. Then Ar ion produced inside ETEM chamber during EB irradiation was detected by the electrode holder. That holder detail and experimental conditions were described latter.
Results and discussions
A high-resolution TEM (HRTEM) image of the Si lamella, without contamination, after ion-milling is shown in Figure 1(A) . The Si lattice and natural oxide film of the Si is located at the bottom and on the Si lattice area. Then acquired EELS spectrum in Figure 1(A) is the bottom line in Figure 1(D) . Essentially only the Si-L 23 and O-K energy loss near edge structure (ELNES) were observed in the EELS spectrum. It was confirmed that the Si lamella prepared by ion-milling did not contain carbon or other contamination. Next, the ETEM images of the Si lamella with contamination after a 30 min observation time are shown in Figures 1(B) and (C). The contamination grew on the Si lamella in a mountain shape and the diffraction pattern acquired from the contamination area had a halo pattern. Therefore, the contamination had an amorphous structure. In Figure 1 (C) of the HRTEM image, it was observed that around the interface between the Si lamella and contamination, only the upper and lower areas indicated contamination as well as the Si lamella with the contamination area. The interface between the contamination and Si lamella is shown by a white broken line. The Si lattice fringes are not clearly shown in the Si lamella area. The EELS spectrum acquired from Figure 1(C) is the upper line in Figure 1 (D) . This spectrum has C-K ELNES, which was not confirmed in the EELS spectrum acquired from the Si lamella without contamination. These analyses indicate that the contamination was amorphous, made from carbon. Moreover, the inset in Figure 1(D) indicates an enlarged C-K ELNES of the Si lamella with contamination, with almost the same structure as sp 3 rich type amorphous carbon, as reported previously (Bruley, 1995) .
Ar gas was introduced into the ETEM chamber, and the chamber pressure was gradually increased to determine the effect of introducing Ar to the contamination. Figure 2 shows ETEM images of the contamination on the Si lamella as the chamber pressure was maintained at 0.1 Pa. The upper and lower areas in each image show the vacuum zone and Si lamella with contamination, respectively. The contamination was removed from the edge, and the removal rate in the atmosphere was ß5 nm min -1 . Then, the contamination removal on the Si lamella area progressed, but the Si lamella was not removed during observation. The Si was conserved even when the Si lamella was observed in an Ar atmosphere by ETEM. This phenomenon was not apparent in conditions without either Ar or EB irradiation. These results indicate that observations in an Ar atmosphere can result in the removal of carbon contamination. Moreover, EELS spectrum acquired from the Si lamella after removal contamination (6.0 min) is shown in Figure 2 . The EELS spectrum of the Si lamella with contamination ( Fig. 1D ) have C-K ELNES; however, it was not confirmed in the EELS spectrum of the Si lamella after the removal of contamination. The EELS analysis showed that the TEM observations in Ar atmosphere removed the carbon contamination. By comparing the Si-L 23 ELNES in Figures 1(D) and 2, the Si ELNES gradually changed shape, with an especially sharp signal gradually appearing at ß125eV; this signal is often detected from oxidised Si (Ahn, 1983) . This phenomenon implies that the remaining oxygen gas inside the ETEM chamber promotes oxidisation on the Si lamella surface. Although oxygen can oxidise carbon and remove carbon contamination in the form of carbon oxide gas, it was expected that the remaining oxygen would not affect the carbon contamination removal because this phenomenon was not observed before the Ar gas was introduced.
The contamination removal rate was estimated by investigating the dependence of observation conditions, including the acceleration voltage and Ar pressure on the contamination removal rate from the observation video. Chemical bonds, in the form of sp 2 and sp 3 hybrid orbitals, are formed when carbon atoms bond with each other (Pierson, 1993) and dangling bonds appear when carbon atoms do not form a bond. Each bond without dangling bond has a different chemical bonding energy; thus, the properties of amorphous carbon depend on the strength of each chemical bond (Robertson, 1992; Chhowalla, 2000) . Contamination with stable bonding energy properties cannot be prepared by EB irradiation. Therefore, the contamination deposited on the sample during EB irradiation cannot be used for the determination of the contamination removal rate under conditions of varying acceleration voltage. For these reasons, commercial holey carbon membranes (NS-C15, Ohken Shoji, Ginza, Japan) were used for the samples under each condition. An acceleration voltage of 600-1000 kV was employed, and each holey carbon membrane was observed in an Ar atmosphere at 0.1 Pa; then, the contamination removal rate was estimated from the observed video for each acceleration voltage. The relationship between the acceleration voltage and contamination removal rate is shown in Figure 3 . A slight difference in the removal rate exists for each acceleration voltage; however, the contamination removal rate above 600 kV is almost constant at ß24 nm min -1 . Then, the contamination removal rate was measured under various pressure conditions and a 1000 kV acceleration voltage. Figure 4 shows the relationship between the Ar pressure inside the ETEM chamber and contamination removal rate. From this figure, a higher pressure of Ar inside the ETEM chamber is shown to produce a higher contamination removal rate during ETEM observation. These measurements demonstrated that the contamination removal rate depended on the Ar pressure and not on the acceleration voltage over 600 kV. These phenomena occurred due to the introduction of Ar gas into the ETEM chamber, and were triggered by both the Ar and EB irradiation. In other words, it was expected that the Ar irradiated by the EB would remove the contamination. The occurrence of this phenomena, when the EB irradiates the gas atmosphere, has been previously studied in the literature. Utke et al. (2008) described the effects of EB irradiation in a gas atmosphere on the electron attachment, ionisation, and momentum transfer. In an electron attachment, an irradiation electron is attached to an Ar atom, producing an Ar negative ion. In ionisation, an Ar positive ion and ejected electron are generated when an irradiation electron knocks an electron from the Ar atom. Moreover, Ar atoms in the atmosphere gain kinetic energy by interactions between irradiation electrons and Ar atoms without electron attachment or ionisation. This phenomenon is known as momentum transfer. The production of Ar negative and positive ions, momentum transfer in Ar, and ejected electrons from Ar, are possible mechanisms for the removal of amorphous carbon. However, over long observation times, even electron irradiation without Ar gas could not remove the amorphous carbon; thus, it was concluded that the ejected electrons from the Ar atoms and irradiated electrons could not remove the amorphous carbon. Electron attachment usually occurs when electrons are irradiated by low energies, of around several tens of volts, but in this study, the acceleration voltage was much greater. It was expected that electron attachment would not occur and that only few negative ions would be created (Christophorou, 2004) , as was the case in this study. In consideration of these facts, implies that Ar positive ions and/or momentum-transferred Ar removed the amorphous carbon, and the removal mechanisms of amorphous carbon by ions and molecules in this study may be explained by the following two possibilities. The first is attributed to the Ar positive ion and/or momentum-transferred Ar sputtered amorphous carbon. The second is that Ar gas was adsorbed onto the surface of amorphous carbon and that the adsorbed Ar gas reacted with the amorphous carbon when it was irradiated. When volatiles were formed by the reaction between the adsorbed Ar gas and amorphous carbon, they dispersed into the atmosphere and the amorphous carbon was gradually removed. However, Ar gas does not react with most of materials. HArF is the only reported chemical compound of Ar, synthesised under extremely low temperatures (Khriachtchev, 2000) . There are no other compounds of Ar that appear during electron irradiation of amorphous carbon in an Ar atmosphere. In a previous study, nonreactive N 2 gas was introduced into the ETEM chamber, and the contamination growth and its removal rate from the contaminated sample was measured (Heide, 1962) . The introduction of N 2 reduced the contamination growth rate and the introduction of N 2 at high pressure removed the contamination. Heide expected that the N 2 introduction and EB irradiation generated oxide gas and oxide ions, which were adsorbed on the sample during sample preparation. These were active and reacted with the contamination, which was then oxidised and removed as oxides of carbon. However, the contamination generally grew during the TEM observations, and it is difficult to theorise that sufficient oxide gas and ions, capable of continually oxidising the contamination, remained in the contamination. The removal of amorphous carbon was not expected to occur by electron irradiation of carbon and the synthesis of volatile compounds with Ar, but by Ar ions and momentum-transferred Ar. The Ar ion is used for cleaning and polishing of materials in ion polishing machines (LeviSetti, 1974) , and the possibility of amorphous carbon removal by Ar and/or momentum-transferred Ar is high. This was examined and is discussed below.
To demonstrate the removal of amorphous carbon during EB irradiation in an Ar atmosphere by Ar ions and momentumtransferred Ar, their existence were first detected. Ar ions were detected by the electrode holder in the Ar atmosphere during EB irradiation. The electrode holder was equipped with a flat, rectangular plate copper electrode (5.5 mm × 3.0 mm × 0.2 mm) with a single hole of size φ0.5 mm, located 1.5 mm away from both the short and long edges of the copper electrode. The electrode holder was inserted into the ETEM chamber and the pressure of Ar inside the TEM chamber was controlled at 30, 300, and 3000 Pa. The EB perfectly irradiated only the Ar atmosphere through the center of the single hole of the copper electrode and did not irradiate the copper electrode. The acceleration voltage and current density of the EB was set to 1000 kV and 100 pA cm -2 , respectively. Under these conditions, a DC negative bias was applied to the Cu electrode through an electric cable set in the holder from outside the ETEM by a stabilised power supply (PLE-650-0.1, MATSUSADA PRECISION Inc., Kusatsu, Japan). A negative bias cannot attract electrons and negative ions; therefore, this system could only detect positive ions appearing inside the ETEM chamber. An applied negative upper voltage of 30 V was employed to avoid discharges inside the ETEM chamber. A schematic diagram of this system is shown in the inset of Figure 5 , which shows a plot of the relationship between negative bias and ion current for each Ar atmosphere pressure condition.
The ion current was gradually increased with increasing applied negative voltage at all pressures. A voltage drop of ß15 V was characteristic of the stabilized power supply and is not critical for the detection of positive ions during EB irradiation. From this measurement, it was clearly demonstrated that the ions produced by EB irradiation in the Ar atmosphere were Ar positive ions. A known method of detecting momentumtransferred Ar by flow meters was used. Using float, supersonic, heat-type, and flow sensors fabricated by MEMS is very difficult because the area where the momentum-transferred Ar exists is located near the EB-irradiated area and these detectors cannot detect them (Bauer, 1965) . The momentum transfer cross section by EB irradiation is almost similar to the ionization cross section, of the order ß10 −20 m 2 (Christophorou, 1984a,b) , and the quantity of momentum-transferred Ar is similar to the quantity of Ar positive ions. However, the magnetic field inside the magnetic lens of the ETEM exists inside the ETEM chamber. The produced ions are scattered in various directions when ionization is induced by irradiation electrons. The magnetic field inside the ETEM can direct the ion deflection to the observed area (Hlawacek & GölZhäuser, 2016) . Momentum-transferred molecules are not deflected. It was expected that the Ar positive ions were largely responsible for the removal of the contamination from the sample. As only the carbon contamination was removed, while the Si lamella remained, the produced positive ions did not have high energies. Generally, the sputtering mechanism is explained by the higher energies of the molecules and ions, compared with the bonding energy of the target material, and thus the bonding in the target material is broken and atoms are removed from the target material (Sigmund, 1969) . The bonding energies of the contaminations produced from carbon with sp 2 and sp 3 hybrid orbitals, are ß6.2 and 3.6 eV (Darwent, 1970) , respectively; the Si bonding energy is 2.3 eV (Cottrell, 1958) . Comparing these bonding energies suggest that Si is also removed by Ar positive ions. However, the Si crystal was expected to oxidize in the air during sample preparation and transfer. Therefore, the surface of Si was oxidized and a bond between Si and O was formed. The Si-O bonding energy is 4.7 eV (Darwent, 1970) . The observed phenomenon, whereby only the contamination was removed and Si crystal remained, shows that the contamination was mainly formed by dangling and sp 3 bonds, and the Ar positive ions had energies lower than the Si-O bonding energy but higher than the bonding energy of sp 3 . In this study, it was shown that Ar positive ions exist in an Ar atmosphere inside the ETEM during EB irradiation. Gas in situ TEM observations were performed to demonstrate the reactions between materials and gases; however, these require more detailed discussions in future studies of in situ TEM observations. In the previous discussions, the projected ions had energies of ß4 eV and are thus presumed to readily react with materials, with different reactions between materials and gases expected to occur. Thus, observations of actual reactions like catalytic activity and the redox of metals is difficult without paying careful attention to the observation conditions during the ETEM observations; it is possible that false observations and results could lead to misguided conclusions. To remove the produced ions, a small ion trap could be inserted around the sample and installed on the ETEM.
From these result and discussions, the Ar ions were clearly produced when the EB irradiated the Ar atmosphere. Moreover, the Ar ions were expected to sputter the contamination originating from carbon onto the Si, removing only the carbon. The Ar ion has a higher energy than that of carbon bonding and a lower energy than that of Si bonding. Therefore, contamination-free observations will be realized if the materials being observed are selected based on bonding energy. It is expected that ETEM could also be used as an observation method, not only for reactions between gas and material, but also for contamination-free observations.
